We compare the CapEx and OpEx of in-building networks for fibre and Cat-5E solutions. For residential homes, our analysis shows that total network costs during economic lifetime are lowest for a point-to-point duplex POF topology.
Introduction
Fibre to the Home today is bringing real broadband services to the user's premises at speeds of up to 1Gbit/s. However, the challenge is to extend this highway beyond the home's doorstep, so to bring it into the home up to the user's terminals. Today's in-home networks are not suited for that. They are a mix of different networks using different media, such as coaxial copper cables for TV broadcasting services, twisted pair cables for wireline telephony, Cat-5E cables for data communication with desktop computers, printers and data servers, and WiFi for wireless laptop and tablet computers, smart phones and other wireless devices. Combining all these services into a single broadband in-home network can provide the desired highway extension, and can bring many other advantages, such as service integration, easier maintenance, easier upgrading, less power consumption, and thus lower costs. Optical fibre is excellently suited for such an in-home network [1] [2]. Previous work [3] has shown that Plastic Optical Fibre (POF) is attractive, due to its ease of handling (large-core step-index or graded-index POF even lends itself for do-it-yourself installation). Advanced modulation techniques allow to surmount the bandwidth restrictions posed by the heavy multimodal dispersion of large-core POF. With DMT techniques we achieved more than 10Gbit/s over short-reach 1mm core SI-POF links, and we also achieved transmission of ultra-wideband radio signals over short POF links [4] . Next to the transmission aspects, another important aspect is the economics, as there is heavy competition from copper-based solutions such as the popular Cat-5E networks. In previous work [3] we showed that POF solutions can be already today cost-competitive with Cat-5E regarding installation costs (CapEx -Capital Expenditure) . In this paper we extend this work by taking also the operational costs (OpExOperational Expenditure) into account. We analyse how the total costs (so CapEx + OpEx) over the lifetime of the network evolve for POF and Cat-5E solutions, in order to facilitate economically justified choices for the design of in-building networks. 
CapEx and OpEx analysis model
In our analysis we have assumed the basic network topologies shown in Fig. 1 . We also have investigated three building scenarios: residential home (single-family house, typically with 3 floors and 4 rooms per floor), large office building (typically with 10 floors and 50 office units per floor), and multi-dwelling units (MDU) building (apartment building, with 10 floors and 16 living units per floor). For the network cost items and their power consumption, we used the typical data given in Table 1 . To calculate from these data the CapEx and OpEx, we derived the formulas in Table 2 , where M, N, L and H are the building dimensions as indicated in Fig. 1 , F is the total length of fibre, D the duct costs (with c being the duct costs per unit of length for a single-fibre duct), T the number of active node switches/hubs, MC the number of media converters (optical transceivers), C the number of fibre connectors, P sw the power consumption per switch/hub port, and P MC the power consumption per media converter.
As we also reported in [3] , from a CapEx perspective Fig. 2 .a shows that for small buildings (residential home), a P2P topology using duplex POF cable is preferred: it is easily upgradable for introducing new services, and it is cost-competitive with Cat-5E (especially by sharing the ducts of the electrical power cabling, which is not allowed for Cat-5E due to safety reasons). For large buildings (office building, MDU building), a bus topology using duplex POF cable is preferred: it again offers installation costs savings because of duct sharing with the power cabling (which is difficult with P2P and tree topologies due to the large number of cables inside the duct), it provides coverage over the whole building as each branching node in the bus is an active switch providing regeneration (so the limited reach of a POF link is not restrictive), and it is cost-competitive with Cat-5E.
In order to assess the OpEx, we have analysed the power consumption in the active network elements: in the switches/hubs in the network nodes, and in the media converters (the opto-electronic transceivers). For the residential home, we find that the P2P topology is the most power-efficient, as it avoids power-consuming network nodes. As shown in Fig. 2 .b, the POF P2P solution consumes slightly more power than the Cat-5E one, but clearly less than the silica fibre (SMF, MMF) solutions. 
Evolution of overall network costs
In order to make a well-justified decision about which in-building network topology and cable medium to install, it is necessary to consider both CapEx and OpEx, and how these will evolve in the future. The power consumption is a major factor contributing to the OpEx. Hence, based on the above-mentioned results, we have calculated the energy costs over the economic lifetime of the network (for which we assumed 25 years). In order to assess the future evolution of the total network costs, these costs may be divided into three categories: -Labour costs: related to installation works in the network (ducts, cables, network devices, connectors); these may increase following the inflation of money.
-Material costs: related to the network items. For non-mature products (the POF solutions), these costs may decrease remarkably in the future, as their market volume grows and production gets more efficient. For mature products (the Cat-5E solutions), the costs may slightly increase following the money inflation, or increase more significantly as the basic material (copper) gets scarce. -Energy costs: related to the power consumption of the active network devices and media converters. These costs will rise with the money inflation, and even stronger due to the rising prices of primary energy sources (oil, gas, coal) and rising (CO 2 -related) taxes. The impact of money inflation may be taken out of the equation by considering the Net Present Value (NPV). For assessing the evolution of CapEx, a breakdown of the costs per installed network item into labour costs and material costs is needed; we estimated this breakdown according to Table 3 . We assumed that money inflation will be 2% per year, labour costs will follow inflation, prices of POF products (cable, transceiver, connector) will go down with increasing market volume by 10% per year, prices of Cat-5E products (which are mature and of which market volume has stabilized) will follow inflation, but prices of Cat-5E cable will increase with 5% per year due to copper scarcity, and energy prices will increase with 5% per year.
Based on these assumptions, the NPV of the total network costs per room for a residential home with P2P topology when the network is installed in year n (n=1..11) are shown in Fig. 3 .a-c. For the Cat-5E solution, the total network costs over the 25 year lifetime increase due to the rising energy costs, and rising copper cable costs. Note that the impact of inflation is eliminated by using the NPV of the costs; hence the labour costs and the other material costs stay constant. For the duplex POF solution, the total network costs decrease due to decreasing cable costs, which clearly outweigh the rising energy costs. When using duct sharing, labour costs are saved, thus decreasing network costs even further. Fig. 3 .d compares the evolution of total network costs: when installing a home network today (i.e. in year 1) and duct sharing can be applied, the lifetime costs of a duplex POF network are the lowest. When duct sharing is not possible, Cat-5E is today the cheapest solution, but in the future (7 years from now) it becomes economically more attractive to install duplex POF. 
Conclusions
Both CapEx and OpEx including their evolution during the network's economic lifetime have to be taken into account when deciding which topology and cable medium is economically preferable for an in-building network. For a typical in-home network, based on realistic cost trend forecasts, our analysis shows that the total lifetime network costs (CapEx + OpEx) of a P2P network which uses duplex POF and which shares the ducts with electrical power cabling, are today already lower than a network which uses Cat-5E cabling. When not using duct sharing, the duplex POF P2P solution will outperform the Cat-5E solution in a few years from now. Partial funding of this work by the EC in the FP7 projects ALPHA and BONE is gratefully acknowledged. 
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